Abstract-This work is focusing on the investigation of those radiation induced defects causing degradation effects of Silicon detector performance. Comparative studies of the defects induced by irradiation with Co 60 -y rays, 23 GeV protons and 1 MeV equivalent reactor neutrons revealed the existence of some point defects and cluster related centers having a strong impact to damage properties of Si diodes. The detailed relation between the "microscopic" reasons as based on defect analysis and their "macroscopic" consequences for detector performance are presented. In particular, it is shown that the changes in the Si device properties (depletion voltage and leakage current) after exposing to high levels of C0 60 -y irradiation can be completely understood by the microscopically investigated formation of two point defects: i) a defect formed via a second order process (I p ) that can be associated with the long searched for V20 complex or with a Carbon related center and is the cause for the observed type inversion effect in Oxygen lean material; ii) a bistable donor (BD) created during irradiation that is strongly generated in Oxygen rich material, associated with one of the earlier thermal donors in Si. It is the cause for the observed positive space charge induced by irradiation in oxygenated Si diodes. Specific for hadron irradiation are the annealing effects which decrease resp. increase the originally observed damage effects as seen by the changes of the depletion voltage (effects known as "beneficial" and "reverse" annealing, respectively). A group of four cluster related defects proved to be responsible for these annealing effects. Their formation is not affected by the Oxygen content or Si growth procedure suggesting that they are complexes of multivacancies located inside extended disordered regions.
I. INTRODUCTION
One of the most challenging applications for silicon detectors is given by their use in the inner tracking region of forthcoming colliding beam experiments as e.g. LHC (Large Hadron Collider at the European research centre CERN) and its planned upgrade (SLHC) foreseen to start in 2016, International Linear Collider (lLC) or high brilliance photon sources like XFEL foreseen also for the next decade. [1] [2] [3] . Segmented Silicon sensors (microstrip and pixel devices) are at present the most precise electronic tracking detectors in high energy physics experiments (HEP). For future fundamental research (e.g. discovery of the Higgs-boson) the relevant events are expected to be extremely rare and hence the energy reached in colliding beam machines as well as the luminosity have to be considerably increased. The required detector properties have to be guaranteed even after irradiation with up to hadron fluences of several 10 16 cm-2 and the detectors will encounter long term and rather complex operational scenarios [4] [5] [6] . The limiting factors for their practical application are the radiation induced changes in the effective doping concentration (Neff) resp. full depletion voltage (Vfd), the leakage current at the depletion voltage (ldep) and the degradation in the charge collection efficiency [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These device properties are subject to changes not only during irradiation but also during beam-off periods. Especially the long term annealing effects in Neff increase the initial depletion voltage and therefore they are of extreme importance envisioning extended operation periods of several years. One encouraging result, in terms of improving the radiation hardness of Silicon detectors, was obtained by the CERN-RD48 Collaboration by performing an Oxygen enrichment of the float-zone (FZ) wafers. This defect engineering attempt was motivated by the hypothetical assumption that a high Oxygen concentration would inhibit the formation of V20 defects thought to be the main reasons for the observed change in the effective doping. A cost effective realization of an Oxygen enrichment up to several 10 17 0/cm 3 was achieved by an in-diffusion of Oxygen from the Si-Si0 2 interface (during treatments at high temperatures) after wafer oxidation. This procedure is called DOFZ process (Diffusion Oxygenated Float Zone) and its main benefit is a considerable reduction of damage effects after gamma and charged hadron irradiation [15] [16] [17] [18] . In contrast to charged hadron and gamma irradiation, neutron damage seems to be less dependent on the 0 concentration. Although the obtained increase of the radiation tolerance may be enough to meets the requirements for LHC, the DOFZ technique cannot be a solution for the much more demanding SLHC application because of the further increase with the fluence of the bias needed for depleting the structure (estimated to be more than a thousand V) and the decrease of the charge collection efficiency (CCE) below 2000 electrons for minimum ionizing particles -the threshold for the readout electronics. Therefore, further efforts for defect engineering of Silicon and especially for understanding the radiation damage as seen by the macroscopic effects on the device characteristics still has to be made.
Any promising defect engineering for a possible radiation hardening of the material as well as improvements by modifying the detector processing will rely on a thorough knowledge of the generation of electrically active defects which are responsible for the observed changes in the device properties at their operating temperature (-10°C). This goal is addressed in our work focusing on a detailed investigation of specific damage induced defects (point-and cluster-related). The "macroscopic" device performance of the investigated diodes is measured by means of C-V (capacitance-voltage) and I-V (current-voltage) diode characteristics. The radiation induced changes in the effective doping concentration (Neff) respectively full depletion voltage (Vfd) were determined from C-V measurements performed with a frequency of 10kHz on the diodes with guard ring grounded. The most sensitive technique for analysis of electrically active defects is the Capacitance -Deep Level Transient Spectroscopy (DLTS). However, this method can be applied only for investigation of defects in low concentration (for irradiation fluences < 10 12 cm-2 ). For such low irradiation fluences, no changes in the detector performance are to be seen and thus, the defect levels responsible for the deterioration seen after high irradiation levels cannot be identified and correlated with the "macroscopic" characteristics of the detectors (Neff, CCE). 
III. RESULTS AND DISCUSSIONS
Many electrically active defects, induced by irradiation, are detected by DLTS and TSC experiments. Most of them (VO, Therefore, for higher irradiation fluences (between 10 12 cm-2 and 10 15 cm-2 ) we have used the Thermally Stimulated Current TSC method [20, 21] . It allows the detection of centers which trap free carriers in the material providing the trapping parameters of defect levels (activation energy, capture cross sections for electrons and holes, defect concentration) needed to calculate their impact on the electrical properties of the device. The TSC experimental procedure consists in cooling the sample to low temperatures where filling of the traps is performed (by illumination or forward biasing the diode) and then heating up with a reverse bias applied on the sample. If the reverse bias is high enough to maintain full depletion of the diode during the temperature scan of the TSC signal, the active volume of the sample is well known (defined by the guard ring controlled electrode area). The standard processed p+-n silicon diodes have an oxygen content'" 10 16 cm-3 and they are labeled in the following as STFZ. Oxygen enrichment was achieved by an in-diffusion of Oxygen from the Si-Si0 2 interface after wafer oxidation. These diodes are labeled DOFZ (diffusion oxygenated float zone). The achieved concentration of oxygen after 24h treatment at 11 OOoC is '"1017 cm-3. 3) thin epitaxial layers <111> (EPI), 75 flm thin epitaxial layers <111>, resistivity of 169 .ocm, grown on 300 Jim thick low doped Cz substrates. It has been shown previously that the standard processed p+-n silicon diodes (EPI-ST) have a nonhomogeneous oxygen content [19] . Therefore, in the present study both standard (EPI-ST) and Oxygen enriched (EPI-OO) p+-n diodes were processed. The diffusion of Oxygen was performed at 1100 0 C for 24 h. The effective doping concentration in EPI-ST is N d = 2.7xl0 13 cm-3 while in EPI-DO diodes is N d = 2.5xl0 13 cm-3
• The distribution of Oxygen and Carbon content in the as-grown epitaxial layers or after the full detector process were measured by Secondary Ion Mass Spectroscopy (SIMS) (see Fig. 1 ). It can be observed that the Oxygen is out-diffusing from the Cz substrate (rich in 0) already during the epitaxial growth. After the full detector process with Oxygen diffusion from the Si-Si0 2 interface after wafer oxidation, the distribution of Oxygen throughout the bulk of the epitaxial layer becomes homogeneous.
All diodes have a p+ electrode of 25 mm 2 surrounded by a p+ guard ring. The n+ electrode area of 1 cm 2 is given by the geometrical dimension ofthe device.
To distinguish between point and cluster related defects, damage effects have been investigated after irradiation with Knowing the already huge efforts spent on investigating defects after hadron irradiation, with no real success in finding the defects responsible for the detector deterioration, we have decided to start our investigations with the most simple case, of having point defects only. This was achieved by performing irradiation with Co60_ gamma rays.
A. Point defects
The materials used for these investigations were high resistivity silicon STFZ (wafer labeled CA) and DOFZ (wafers labeled CB, CC and CD). A very pronounced beneficial effect of 0 on both the current and the depletion voltage was observed (see Fig. 2 ) [8] .
(2) (1 ) where Nc.v = effective densities of states in the conduction/valence band, Ec.v = band edge energies, ET(T) = energy of trapping level, (In,p = electron/hole capture cross section. The important features of a defect are: the capture cross sections (In,p, the defect levels position in the band-gap of Silicon, the defect concentration NT and the type of the defect, acceptor or donor like. Once these characteristics are known, the influence of a defect on the space charge density as well as on the leakage current can be calculated. The contribution to NetT is given by steady state ocupancy of the defect levels nT that can be calculated according to the following relations resulted from the Schockley-Read-Hall statistics [21, 34] :
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V2, VP, Cj, CjOj, CjC s , 10 2 ) were already investigated in detail and no correlation with the "macroscopic" behavior of the diodes could be established [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The main characteristics of defects, from the electrical point of view, are the emission rates of carriers in the conduction and valence bands given by:
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While the STFZ samples undergo a space charge sign inversion -SCSI (changing the space charge sign from initially positive in n-type silicon to negative) the oxygenated diodes did not show this effect but in contrast, a gain in the positive space charge is seen with increasing irradiation dose. These "macroscopic" characteristics suggest the presence of both, a deep acceptor like defect, generated mainly in oxygen lean material that is responsible for the SCSI effect and the high leakage current in STFZ material and a donor in the upper part of the gap, generated mainly in oxygen rich N =~donor _~nacceptor elf~nr~r where n, p are the concentration of free electrons, holes in the space charge region (SCR) and they can be neglected in diodes with low lekage currents. The defects contribution to the leakage current at the depletion voltage I(Vdep) is given by [34, 35] :
where qo is the charge of electron, A and d are the area and the thickness of the diode, respectively. The donors in the upper part of the gap are traps for electrons, show the Poole Frenkel effect (a certain dependence of the emission rate of electrons on the electric field) [36] and contribute with positive space charge to Neff at room temperature (RT). The donors in the lower part of the gap are traps for holes, show no Poole-Frenkel effect and do not contribute to Neff at RT unless they are close to mid-gap. In contrast, acceptors in the upper part of the gap, although they are traps for electrons, do not show the Poole Frenkel effect, and can contribute to Neff with negative space charge at RT only if they have close to mid-gap levels while the acceptors in the lower part of the gap, are trapping holes, show the Poole-Frenkel effect and contribute with negative space charge to Neff at RT. The most effective centers in generating leakage current are those having close to mid-gap levels, independent of their type (acceptor or donor like).
:? 30 .e tendency for the I p center at about 2.10 12 cm-3 (STFZ curves in Fig.3b) .
ii) The BD center is a bistable donor (point defect) created during irradiation that is strongly generated in Oxygen rich material [35, 40] . This center and its bistability have been first observed after Co 60 -gamma irradiation in high resistivity DOFZ material. In this case only for one of the defect configurations a clear TSC peak was recorded (see BDA peak in Fig.  4a ). It was detected so far in three charge states (-, 0 and +), with two levels in the band-gap of Silicon, a donor level in the lower part of the gap (E v +0.23 eV) and an acceptor level at the middle of the gap (E c -0.55 eV). This center is stable up to temperatures of 325°C [39] . The corresponding TSC peaks are shown in Fig. 3a . The quadratic dose dependence (2 nd order generation) of the I p center was previously evidenced both for the STFZ and DOFZ diodes up to irradiation doses of 280 Mrad [35, 37, 38] .The present TSC investigations, extended up to a 500 Mrad irradiation dose, indicate a saturation A clear evidence for the existence of the two configurations of the defect was obtained in medium doped epitaxial layers irradiated with 1 MeV neutrons [40] . As it can be observed in Fig. 5a~two clear TSC peaks associated with the two defect configurations could be detected. The TSC peaks recorded for different bias voltages have shown that for both defect configurations the emission rate of electrons increases with the electric field. This effect is clearly observed in Figs. 5b,c where the TSC peaks are shifting towards lower temperatures when increasing the applied reverse bias. The analysis of the TSC corresponding peaks revealed that the field enhanced The other configuration was suggested by the appearance in the spectrum of a large TSC signal in the low temperature range (the tail labeled as BOB in Fig. 4a) . One of the configurations is more stable if the material is exposed to the day light (BOB) while the other configuration (BOA) starts to appear when the material is kept some time in dark at RT. The needed storage at RT in the dark for getting the full transformation from BOB to BOA is decreasing with increasing the irradiation dose suggesting that~similar to the earlier thermal donors in silicon~the defect configuration depends on the position of the Fermi level in the structure at RT. The BD center has a linear dose dependence~indicating that it is generated via a first order process (see Fig. 4b ). 13 cm-2 a) TSC spectra corresponding to a forward injection of 2mA for 30s at 20K, recorded after exposure to day light and after keeping the diode in dark at RT for 3h; b) The shift of the TSC peak corresponding to BD B defect configuration with the electric field; c) The shift of the TSC peak corresponding to BDA defect configuration with the electric field 
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These centers were first detected after irradiation with 1 MeV neutrons by means of the TSC technique (see Fig. 7a ). We have also detected them after irradiation with 23 GeV protons and the results of TSC investigations are shown in Fig. 8 . As it can be observed in Fig.7, 8 the TSC signals resulting from these deep acceptors centers are increasing with the annealing time. As they are located in the lower part of the gap, these hole traps contribute fully with negative space charge to NetT energetic particles, especially hadrons or heavy ions may displace more than one atom in each interaction, resulting in the formation of a large diversity of extended defects as densely packed conglomerates ("clusters") of vacancies and interstitials. The present knowledge on defect clustering is however very limited and as to now far from understanding. Only recently some clear evidences for the formation of electrically active extended defects, were reported [41, 46, 47] . Irradiation experiments with 1 MeV neutrons and 23 GeV protons have revealed that there is a group of cluster related defects with direct impact on the device characteristics at operating temperature. These defects are discussed below. i) H(116K), H(140K) and H(152K) centers are traps for holes with acceptor type levels in the lower part of the gap [41] . As coulombic centers, their emission rates depend on the local electric field. emission rate is due to the Poole-Frenkel effect for both defect configurations, thus indicating, that the defect is a donor in the upper part of the gap. Details about the analysis of TSC signal in the case of coulombic centers (three-dimensional PooleFrenkel effect) with accounting for the spatial distribution of the electric field inside the samples can be found in Ref. [41] .
The zero field activation enthalpy was determined to be MIa = E c -0.15eV for the BOB defect configuration (transition between + and ++ charge states) and MIa = E c -0.24eV for the BOA configuration (transition between 0 and ++ charge states). Except for the Oxygen lean STFZ material, the BD is detected in all other materials, independent of the type of irradiation.
The bistability, donor activity and energy levels associate the BO centers with the earlier thermal donors in Si [42] [43] [44] . As a point defect it is strongly generated after y-irradiation but also detected after 23 GeV proton damage [21] .
Both centers have a direct influence on the effective doping concentration -the I p center contributes with negative space charge while the BD center with positive space charge. The contribution of these two centers to NetT has been calculated according to eq.2 and the results are presented in Fig. 6a together with the values extracted from C-V measurements performed at RT. There is a very good agreement between measured and calculated values for both STFZ and DOFZ devices. In the case of oxygenated material (DOFZ), the BO defect over-compensates the negative space charge introduced by the I p center leading to the observed slight increase of the effective doping concentration (see Fig. 2a and 4a) . The generation of BD centers is the cause for the effective positive space charge induced by gamma irradiation in Oxygen rich Si diodes (see Figs. 2a, 6a ). Due to its mid-gap acceptor level the I p center contributes significantly also to the leakage current at RT (293K). The values of I(Vdep), calculated according to eq. 3, by considering only the I p center, are shown in Fig. 6b together with the values extracted from I-V measurements performed at RT.
These results represent the first breakthrough in understanding the macroscopic deterioration effects on the basis of a detailed defect analysis and demonstrates that the beneficial oxygen effect in FZ silicon after electromagnetic irradiation results not only in the suppression of deep acceptors (as predicted by the defect models considering the formation of the V 2 0 defect) but also in the creation of bistable donors similar to the earlier stage Thermal Double Donors TDD2 in oxygen rich silicon. These donors can even over-compensate the negative space charge introduced by deep acceptors (I p ) such that no type inversion appears in OOFZ material even after very high doses. Although no identification of the TDD2 was done so far, it is well accepted that the oxygen dimers (02d) are part of the defect structure [45] . The parameters for the zero field emission rates reported in Ret: [41] 
B. Cluster related defects
Contrary to low energetic particles, primarily electrons, also after gamma irradiation, producing mainly point defects more from C-V measurements. In the calculations was considered also the VP complex (the E center) and the considered values are given in Fig.10 . Due to the higher n type doping concentration in the EPI samples compared with the MCz diodes, the value of E center concentration is also higher in EPI than in MCz diodes. The SCSI effect is also nice described by the "microscopic" findings, as it happen in case of MCz diodes -the Neff changes from positive to negative values during the annealing at 80°C. and are responsible for the long term annealing as seen by the increase of the depletion voltage (so called "reverse annealing").
ii) E(30K) defect is acting as a trap for electrons. It is generated mainly after irradiation, during the first 20 min at 80°C (see Figs. 7, 8) and in a much higher concentration after irradiation with protons than with neutrons. The TSC investigations have shown that it is a defect with enhancedfield-emission described by the Poole-Frenkel effect (see Fig.9 ) indicating thus that it has a donor level in the upper part of the gap. The parameters for the zero field emission rate describing the experimental results are: a/OK =2.3.10-14 cm 2 and~H/OK = 0.1 eV from the conduction band.
Annealing time at 80°c (min) This center contributes in its full concentration with positive space charge to NetT and consequently is partly responsible for the so called '''beneficial annealing" effect.The TSC defect investigations were used to predict the annealing effects of NetT and to compare the results with values determined from C-V measurements at room temperature -see e.g. Fig.l0 (example after neutron irradiation on different type of materials). The evolution of defect concentrations, with time following the irradiation, describe fully the annealing of NefT as determined It is for the first time when a direct correlation between the annealing behaviour of hadron irradiated Silicon diodes as seen at "macroscopic scale" can be understood by the "microscopically" investigated formation of defects.
Similar correlations were also observed after 23 GeV proton irradiations. The results~in terms of the Neff change due to irradiation and subsequent annealing at 80°C, are presented in Fig. 11 for EPI-DO diodes irradiated with neutrons and protons. The most obvious difference between the two type of irradiations is given by the introduction rate of donors. The donor generation rate after neutron irradiation is g = 0.018 cm -] while after proton irradiation a value of 0.09 cm-1 was obtained. This difference is mainly due to the E(30K) defect, 75 Jim EPI-DO, 23 GeV p-irradiation, c),q =2.3E14/cm 2 generated with much larger concentration after proton irradiationafter proton than neutron irradiation.
iii) The cluster related defect levels E4 and E5 [48] are generated during the irradiation and detectable with DLTS and TSC after injecting electrons into the diodes volume. One example of the obtained DLTS spectra is shown in Fig. 12 .
While the levels E4 and £5 decrease even at moderate temperatures and vanish after the annealing of 30 minutes at 100°C the defect complex E205a [49] is more stable and anneals in the temperature range between 100°C and 200°C. The concentrations of the cluster related defects can not be obtained directly from the DLTS spectra, due to their overlap with the singly charged state of the divacancy. Therefore difference spectra during the annealing process were analysed. 
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onor generation small: The formation of all these cluster related defects is not affected by the Oxygen content or Si growth procedure suggesting that they are complexes of multi-vacancies and/or multi-interstitials located inside extended disordered regions. Presently there are no decisive experiments which would clarify the identity of the I p , H(116K), H(140K), H(152K), E(30K), E4 and E5 defects and correlated fundamental studies with other methods which would clearly identify the structure of these defects has to be performed in the future.
l.OE+DD Fig . 13 shows the correlation of the defect concentration with the leakage current, taken during the isochronal annealing in 20°C steps with the annealing time of 30 minutes each. The defects which were taken into account are the levels E4, E5 and E205a. Both the concentrations of defects as well as the leakage current were normalised to the starting values, taken directly after irradiation. It is clearly seen, that the leakage current and the cluster related defect concentrations are correlated. The dashed line indicates a possible linear correlation.
IV. CONCLUSIONS
Elementary particle detectors produced on high purity silicon are already widely used in several areas of fundamental physics research. They have been selected as best suited for forthcoming applications as e.g. in the tracking area of the large hadron collider LHC. However future colliding beam experiments as e.g. the SLHC with a hadron fluence of up to several 10 16 cm-2 will place an unprecedented challenge as to their radiation tolerance not yet met by present day devices. Improvements have been shown to be possible by certain modifications of the material, process technology and operational conditions but have to be based on an as best as possible understanding of the damage effects and their implications on detector performance. For the first time the presented paper is demonstrating a close correlation between the findings by defect spectroscopy and the resulting damage effects in the detector performance. A first breakthrough in this respect was achieved by understanding the damage effects after intense gamma irradiation, where only point defect generation is possible. Both the change of the space charge concentration (depletion voltage) and the increase of the bulk current are now completely understood. In recent years it was then also possible to obtain very promising results for the much more complicated case of hadron induced damage. It is shown, that in addition to point defects a diversity of extended cluster damage plays a dominant role leading to the observed change in the space charge concentration and hence depletion voltage both after neutron and proton irradiation. The cluster related defects detected so far and presented in this work seem to be independent on the material and thus an improvement of the radiation hardness is possible only by compensation with point defects via defect engineering. These results toward a complete understanding are very promising. They are regarded to be an excellent basis for further dedicated defect engineering.
